ABSTRACT The feasibility of laser-photoacoustic measurements for the detection and the analysis of different isolated doping agents in the vapour phase is discussed. To the best of our knowledge, this is the first time that photoacoustic vapourphase measurements of doping substances have been presented. Spectra of different doping classes (stimulants, anabolica, diuretica, and beta blockers) are shown and discussed in terms of their detection sensitivity and selectivity. The potential of laser spectroscopy for detecting the intake of prohibited substances by athletes is explored.
1
Introduction to doping agents and gas sensing
In recent years, the illegal intake of doping substances at minor and major sporting events has spread a dark shadow over these happenings. At the same time, new substances ever so often appear and are being used by athletes in different sports. The search for improved techniques and new methods to detect doping substances has become an important field of research in doping prevention. Currently, the detection of the intake of forbidden substances is carried out in one of 33 accredited laboratories worldwide (as of June 2005) [1] and involves careful analysis of urine samples by means of gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) [2] . Taking into account the elaborate sample-preparation and measurement procedure (different for each substance class), the actual time for the measurement itself, and a possible laboratory backlog, such analyses can take several weeks before the final results are known. Faster screening techniques with reduced sample-preparation times and lower costs (either for the equipment or operating expenses) would therefore be highly welcome. Furthermore, the concentration level of doping substances in urine is constantly decreasing as the athletes, their coaches, and medical advisors are more cautious, making detection a more difficult task. A more sensitive and highly reliable detection technique is therefore desirable. Laser-based spectroscopic trace-gas sensing techniques have proved to be fast as well as reliable in measurements of small concentrations of gaseous substances in different fields including environmental sensing, air-pollution monitoring, industrial process control, agriculture, explosives detection, and recently even in medicine [3] [4] [5] [6] [7] [8] [9] . Different detection schemes and laser sources have been in use. One of the major advantages of laser spectroscopy is its noninvasive character. In addition, the molecules (or atoms) neither alter their shape nor the composition, which is not the case in massspectrometry or gas-chromatography analysis.
Photoacoustics (PA) is a spectroscopic technique in which the signal is measured by means of microphones [10] . This detection scheme has the advantage that the magnitude of the detected signal is proportional to the absorbed laser power (direct absorption technique) and that the sensor (i.e. the microphone) itself has a wavelength-independent responsivity. The same sample cell can thus be used at different wavelengths as long as the window material used to seal off the cell is transparent at the wavelengths of interest. Furthermore, PA laser spectroscopy proved to be both highly selective and sensitive [5, [7] [8] [9] [10] [11] .
In this paper we explore the potential of laser PA spectroscopy for the detection of isolated, pure doping substances taken by athletes. The feasibility for sensing small concentrations of such large organic molecules in the vapour phase is demonstrated.
Experimental set-up
As shown in Fig. 1 , the experimental set-up consists of three different parts: the laser, the sample holder, and the PA detector. A home-built PA cell was described in detail previously [9, 12] and was here used with a different laser system.
The laser system used in this study is an optical parametric generation and amplification (OPG/OPA) system. The pump laser is a diode-pumped pulsed (6-ns pulse duration), high peak power (5 kW) Nd:YAG laser in nonplanar ring-oscillator (NPRO) configuration. The pulse-repetition rate of 5.72 kHz coincides with the first longitudinal resonance frequency of the PA cell. The laser beam is focussed onto the nonlinear crystal using a set of lenses.
A 5-cm-long periodically poled LiNbO 3 (PPLN) crystal was employed as nonlinear optical medium. The nonlin-290 Applied Physics B -Lasers and Optics FIGURE 1 Experimental set-up for vapour-phase photoacoustic measurements of doping substances ear frequency conversion process generates an idler beam with a line width (FWHM) of 240 GHz (8 cm −1 or 8.7 nm at 3.3 µm) and an average power of up to several mW. The line width was determined with a sample of 100-ppm methane diluted in synthetic air by measuring (at atmospheric pressure and room temperature) at a wavelength of approximately 3.3 µm (3050 cm −1 ) (see Fig. 2 ). At this wavelength, the width of the methane lines (as indicated by methane absorption lines calculated using the HITRAN database [13] ) is much narrower than that measured. Therefore, the intrinsic line width of methane can be neglected in the calculation of the line width of the laser pulses.
The tuning of the wavelength is achieved by changing the temperature of the PPLN crystal. A temperature change of 100
• C results in a wavelength change of about 120 nm (106 cm −1 around 3.3 µm) and can be carried out in about one hour depending on the step width and the averaging time for each data point. The line width and the tuning characteristics of the OPG laser source are suitable for measurements of large molecules with expected broad absorption features as shown in this investigation.
As most of the doping substances are solids or liquids when stored at room temperature and as the PA cell was designed for gas measurements (i.e. it can only be used for FIGURE 2 Spectroscopic measurement of the line width of the OPG/OPA system recorded with 100-ppm methane diluted in synthetic air at ambient pressure and temperature measurements of gaseous substances), the issue of sample preparation requires special attention. Increasing the vapour pressure of the different doping substances can be achieved by heating them without altering their chemical composition. Care needs to be exercised not to overheat substances above sublimation and/or vaporisation points as in such a case the chemical decomposition of the substances cannot be excluded. The samples are thus placed in a double-walled glass vessel that can be heated in a silicone-oil bath to temperatures up to 150
• C. Based on the theory of modulated resonant photoacoustics and pulsed resonant photoacoustics with single pulses [10] , the PA signal is expected to be proportional to the absorbed laser power also for the case of ns pulses at repetition rates corresponding to the acoustic resonances in the PA cell. Therefore, the minimum power needed for a signal detection depends on both the concentration of the substances under investigation and on their absorption cross sections. The measurements indicate that for most substances measured the minimum average laser power required is just above 0.1 mW. The microphones are specified for operational temperatures as high as 60
• C, which means that (i) either the PA cell must be kept at a temperature lower than that of the samplepreparation vessel (heated to 150
• C) or (ii) that a special
